Mitochondrial inheritance, genome maintenance and metabolic adaptation depend on organelle fission by dynaminrelated protein 1 (DRP1) and its mitochondrial receptors. DRP1 receptors include the paralogues mitochondrial dynamics proteins of 49 and 51 kDa (MID49 and MID51) and mitochondrial fission factor (MFF); however, the mechanisms by which these proteins recruit and regulate DRP1 are unknown. Here we present a cryo-electron microscopy structure of fulllength human DRP1 co-assembled with MID49 and an analysis of structure-and disease-based mutations. We report that GTP induces a marked elongation and rotation of the GTPase domain, bundle-signalling element and connecting hinge loops of DRP1. In this conformation, a network of multivalent interactions promotes the polymerization of a linear DRP1 filament with MID49 or MID51. After co-assembly, GTP hydrolysis and exchange lead to MID receptor dissociation, filament shortening and curling of DRP1 oligomers into constricted and closed rings. Together, these views of full-length, receptor-and nucleotide-bound conformations reveal how DRP1 performs mechanical work through nucleotide-driven allostery.
Fragmentation of the mitochondrial reticulum disperses units of the organelle during cell division 1, 2 , coordinates morphological adaptation with metabolic demand 3, 4 and quarantines damaged units for turnover 5, 6 . Recent work has also led to the discovery of the role of mitochondrial fission in regulated cell death pathways [7] [8] [9] , brain development and synaptic function 10, 11 , and how certain pathogens disrupt these processes and hijack mitochondrial resources 12, 13 . There is a growing understanding of how inter-organelle contacts between the endoplasmic reticulum and mitochondria initiate mitochondrial fission 14, 15 , and how this process impacts mitochondrial genome duplication and integrity 16, 17 . The master regulator that unites these processes across eukaryotic evolution is the membrane-remodelling GTPase DRP1 2, 18, 19 .
DRP1 is necessary, but not sufficient, for mitochondrial fission because receptors must recruit the enzyme to the outer mitochondrial membrane. In mammals, these receptors include MFF and the paralogues MID49 and MID51 [20] [21] [22] [23] [24] . After receptor-dependent recruitment, DRP1 assembles into polymers that encircle mitochondria and, by poorly understood mechanisms, channels energy from GTP binding, hydrolysis and nucleotide exchange into a mechanochemical constriction 8, 23, [25] [26] [27] [28] . In addition to DRP1 and its outer mitochondrial membrane receptors, a recent study revealed that a second member of the dynamin family of GTPases, dynamin-2, may enact the final fission event downstream of DRP1-driven constriction of a mitochondrial tubule 29 . As such, mitochondrial division is a stepwise reaction regulated by DRP1 receptor binding, oligomerization and guanine nucleotide-dependent conformational dynamics.
We and others have reported that the outer mitochondrial membrane receptors MFF, MID49 and MID51 are independently sufficient to recruit DRP1 to divide mitochondria 20, 21, 23, 30 . Previous work indicated that the mitochondrial receptor in yeast, Mdv1p, can co-assemble with the DRP1 homologue Dnm1p 31 . We observed that MID49 coassembled with DRP1 to form a copolymer with altered properties compared with DRP1-only oligomers 23 . Although these results suggest that organelle receptors could nucleate and alter the architecture of a dynamin polymer, the organization and functions of such a co-assembly in organelle constriction remain unclear.
Here we report structural snapshots of DRP1-driven constriction through a MID49-or MID51-dependent reaction. We used cryoelectron microscopy (cryo-EM) to observe how nucleotide binding to the GTPase (G) domain induces conformational changes that allosterically propagate through the bundle-signalling element (BSE) to open and elongate DRP1 and expose multiple surfaces required for receptorbinding and polymerization. 3D reconstruction revealed how the binding of MID49 or MID51 stabilized an arrangement of GTP-bound DRP1 tetramers and nucleated polymerization of a linear cofilament. Next, we reconstituted a path-dependent reaction to observe how GTP hydrolysis and nucleotide exchange lead to conformational constriction by the DRP1 polymer. Specifically, when DRP1 subunits within the MID49 cofilament were allowed to exchange and hydrolyse GTP, they released the receptor and the polymers shortened while curling into closed rings. Finally, we designed phosphomimetic, structure-based and disease-causing mutations to validate our structural models and to examine the allosteric rearrangements that govern curling of linear strings into closed and constricted rings after receptor dissociation.
So far, many structural studies of dynamin-family proteins have relied upon mutated or truncated constructs to facilitate crystallization. We purified wild-type, full-length human DRP1 including the N-terminal G domain, BSE and the four-helix bundle known as the stalk (Fig. 1a ). This construct also contained the lipid-binding region of around 100 amino acids that is known as the variable domain. This domain resides between the third and fourth α-helices of the stalk, analogous to the pleckstrin homology domain that is found in endocytic dynamin proteins. A crystal structure of a nucleotide-free and a truncated DRP1 mutant revealed the organization of these domains and an overall similarity to the structure of nucleotide-free endocytic dynamin 25, 32, 33 . We also purified soluble truncations of MID49 and MID51 that were engineered to lack their N-terminal transmembrane anchors but include the cytoplasmic nucleotidyltransferase-like Article reSeArcH domain and the dynamin recruitment region (DRR) required for DRP1 binding 20, [34] [35] [36] [37] (Fig. 1a ).
Structure of the DRP1-MID49 cofilament
Cofilament assembly resulted upon incubating equimolar ratios of DRP1 with soluble MID49(126-454), MID51(132-463), or both proteins together, in the presence of Mg 2+ , GTP or the GTP analogues GMPPCP or GTPγS, but not in the presence of other nucleo tides (Extended Data Fig. 1 ). We focused on the filaments formed with MID49(126-454) in the presence of GMPPCP, and determined their structure from cryo-EM images to an average resolution of 4.2 Å (from around 3.5 Å to around 8 Å, Extended Data Figs. [2] [3] [4] [5] [6] and Supplementary Table 1 ). 3D reconstruction revealed a polymer comprising three equivalent faces that meet through defined vertices to form a triangular assembly (Extended Data Figs. 2, 3). A combination of helical reconstruction, segmentation, and single-particle alignment and averaging resolved the elongated DRP1 subunits bound stoichiometrically to MID49(126-454), but no density was assignable for the majority of the variable domain ( Fig. 1b , Extended Data Figs. [2] [3] [4] [5] [6] . Surprisingly, each chain of DRP1 bound MID49 through four different surfaces, and each MID49 in turn bound four DRP1 molecules to yield a vast interaction network ( Fig. 1b ,c, Extended Data Figs. 2, 3a-c). MID49 binding to four DRP1 molecules stabilized a linear arrangement of inter-DRP1 interfaces, similar to those observed for other dynamin-family proteins 25, 32, 33, [38] [39] [40] (Fig. 1b , Extended Data Figs. 2c, 3d). We refer to the four distinct surfaces of DRP1 that contribute to MID49 and MID51 binding as receptor interfaces 1 to 4 ( Fig. 1c ).
Structure-based mutants disrupt DRP1-MID49 assembly
The DRR motif of MID49 occupied the space between two neighbouring G domains and contacted both via receptor interfaces 1 and 2 (buried surface areas of around 530 Å 2 and around 200 Å 2 , respectively, Figs. 1b,c, 2a). The precise spacing required for this bivalent G-domain interaction explains why previous mutagenesis efforts suggested that the size and topology of the β4-α4 loop, rather than its exact sequence (which differs between MID49 and MID51), are critical determinants of binding 34, 35, 37 . Nevertheless, the structure indicated that R235 of MID49 (analogous to R243 in MID51, Extended Data Fig. 7 ) within the DRR makes key contacts between two neighbouring G domains ( Fig. 2a ). Accordingly, the MID49(R235E) point mutant could not co-assemble with DRP1 ( Fig. 2d-f ). In addition, we mutated conserved DRP1 residues involved in receptor interface 1, which is the largest interaction interface. Both the D190A mutation, which should neutralize a salt bridge with the receptor, and the D221A mutation, which should alter the conformation of a key loop within receptor interface 1, prevented co-assembly with MID49 ( Fig. 2a ). These substitutions also altered the self-assembly properties of DRP1, which suggests pleiotropic effects on nucleotide handling and receptor binding 41 (Extended Data Fig. 8 ). Specifically, D190 and D221 are also involved in nucleotidedependent G-domain dimerization (PDB: 3W6O), which leads to the possibility that MID49 and MID51 may modulate GTP-dependent conformational dynamics.
Unexpectedly, MID49 also made contact with the stalk loops of a third and fourth DRP1 molecule through receptor interfaces 3 and 4 (buried surface areas of around 450 Å 2 and around 230 Å 2 , respectively, Figs. 1c, 2b,c). The DRP1 loops involved in these receptor interfaces, the L1N S and L2 S loops, are key determinants of assembly for other dynamin-family oligomers 25, 32, 33, 38, 40 . Receptor interface 3 in particular involves the conserved loop L1N S , and is the site of several disease alleles that correlate with elongated mitochondrial morphologies [42] [43] [44] , including G362D and G363D ( Fig. 2b , Extended Data Figs. 6b, e, 7a). Previous work has established that this loop comprises part of the binding site for the pleckstrin homology domain within the endocytic dynamin tetramers 40 (Extended Data Fig. 6f-h) , and is a determinant of conformational heterogeneity for these and other dynamin-family proteins 38, 40 . The presence of disease alleles close to this interface suggests that these mutations may compromise receptor binding and that defects in the recruitment of DRP1 to mitochondria may contribute to pathogenesis. Accordingly, we found that the disease-associated G362D mutant of DRP1 ( Fig. 2b ) failed to co-assemble with MID49 and displayed altered assembly and conformational properties (Extended Data Figs. 6e, 8a, i-l).
Receptor interface 4 includes S611 (equivalent to S637 of isoform 1, Extended Data Fig. 7c ), an intensively studied phosphorylation site for protein kinase A or Ca 2+ /calmodulin-dependent protein kinase Iα [45] [46] [47] . Phosphorylation at this site, as well as phosphomimetic alleles of DRP1, have been reported to inhibit mitochondrial fission, although the mechanism of inhibition was unclear 45, 48 . Our structure suggests that phosphorylation should inhibit MID49 binding, and accordingly we found that the phosphomimetic mutant, S611D, failed to co-assemble with MID49(126-454) under the same solution conditions that bound the wild-type protein ( Fig. 2g- 
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GTP-binding enables receptor binding
Understanding the allosteric coupling between the binding, hydrolysis and exchange of nucleotides and the conformational repertoire of dynamin-family GTPases remains a challenge. From the cryo-EM density we observed that the GMPPCP-bound G domains and the BSE of DRP1 adopt markedly different conformations compared to the nucleotide-free crystal structure 25 . In addition to other nucleotide-induced conformational changes within the G domain, the most evident are the closing of the G2/switch-1 loop to form a closed 'lid' over the nucleotide (Fig. 3a,c ). Analogous to the conformational change reported for dynamin-1 49 , the closure of the switch-1 lid propa gates through the adjacent β-sheet to push the α-helices of the BSE into an orthogonal position (Supplementary Video 1). When evaluated in the context of the dynamin interface-2-containing X-shaped DRP1 dimer, this conformational change is a 90° rotation of the G domain and a 40 Å translation towards the stalk ( Fig. 3d , Supplementary Video 2). Two of the four DRP1 surfaces that engage the DRR of MID49 or MID51 (receptor interfaces 1 and 2, Fig. 2a ) are inaccessible in the nucleotide-free state but become available for binding upon nucleotidedriven elongation ( Fig. 3d , Supplementary Video 2).
GTP hydrolysis induces filaments to curl into rings
We next evaluated the dynamics of the DRP1 + MID49 filaments in the presence of hydrolysable GTP, rather than the non-hydrolysable analogue used for 3D reconstruction. After copolymerization in the presence of the non-hydrolysable analogue, we exchanged GMPPCP for GTP by dialysis and followed the reaction using negative-stain transmission electron microscopy (TEM) at sequential time points until the GTP was consumed. We observed that the linear, three-sided DRP1-MID49 cofilaments disassembled into shorter, single-sided filaments before disassembling entirely upon complete hydrolysis to GDP (Fig. 4) . The thinner single-sided filaments seen at intermediate time points resembled the single-sided filaments that we observed after mutagenizing a salt bridge that appears to hold the triangular structure together (Extended Data Fig. 3e -i). Moreover, the dynamics of the single-sided filaments at intermediate time points were of interest ( Fig. 4b, c ). Specifically, upon reaching a reproducibly narrow range of lengths, the nearly linear single-sided filaments spontaneously curled into closed rings of markedly uniform diameter ( Fig. 4c ).
A model for closed DRP1 rings
In a separate but related experiment, we also evaluated the assembly properties of the DRP1 mutant G362D, which disrupts receptor interface 3, with and without MID49(126-454). As described above, this disease-associated residue sits at the base of the L1N S loop and this loop is a key site of inter-stalk interaction between adjacent DRP1 molecules in the linear filament (Figs. 1c, 2b, Extended Data Fig. 6b, e ). We found that DRP1(G362D) purified as a nearly monodisperse and stable dimer, rather than as a mix of tetramers and higher-order species as observed for the wild-type, full-length protein (Extended Data Fig. 8a ). In addition, DRP1(G362D) exclusively formed rings, not filaments, with or without MID49(126-454) and in the presence of GTP or GMPPCP ( Fig. 5a , Extended Data Fig. 8i -l). These rings resembled those observed with wild-type DRP1 in all respects except that the wildtype protein formed closed rings via the linear MID49 copolymer only through the path-dependent reaction described above ( Fig. 4c compared with Fig. 5a ). We also observed that these apparently closed DRP1(G362D) rings could constrict liposomes into membrane tubules and circumscribe lipid nanotubes (Extended Data Fig. 9 ). DRP1(G362D) rings showed improved structural homogeneity when formed using GMPPCP, presumably because when assembled with GTP, the rings remain dynamic and eventually disassemble upon hydrolysis to GDP (Fig. 4) . We imaged the GMPPCP-bound DRP1(G362D) rings using cryo-EM and used 2D class averages of the predominant 12-dimer closed ring to model the differences between the linear filaments and the closed rings ( Fig. 5 , Extended Data Fig. 10 ). To account for the projected ring density, the G domain and the BSE of DRP1 must move even further down towards the stalks. Stalk interface-2 appears to remain constant in conformation, as revealed by the Article reSeArcH X-shaped dimer seen in projection ( Fig. 5d, e ). The curvature of the ring, however, dictates that stalk interfaces 1 and 3, and the conformations of the L1N S and L2 S loops, must be extensively remodelled to allow an inter-dimer bending of approximately 30° in comparison with the linear DRP1-MID49 copolymer (Fig. 5d , e, Extended Data Fig. 10e , f, Supplementary Videos 2, 3). We did not observe any density for MID49 in the wild-type rings that form by curling of the DRP1-MID49 cofilament in the presence of GTP, nor in our higher-resolution analysis of the DRP1(G362D) rings that form with or without MID49 present (Fig. 5b, c, Extended Data Figs. 8i-l, 10 ). This suggests that MID49 binding is incompatible with the curled state of the ring-shaped oligomer, and that constriction therefore requires receptor dissociation (Supplementary Video 3).
Discussion
We note that with an inner diameter of around 16 nm, the closed ring may be sufficient to sever a double-membrane mitochondrion if both the outer and inner membranes are compressed together. Alternatively, if inner membrane fission is distinct and precedes outer membrane fission, a 16-nm diameter suggests that a single membrane tubule would be stabilized by these rings. The structures we observe in vitro may therefore correspond to a highly constricted but pre-fission state observed in vitro 50 and in living cells when another dynamin-family protein, dynamin-2, is depleted 29 . Constriction by DRP1, therefore, may stabilize the high degree of membrane curvature that is suitable for the recruitment and final fission event catalysed by additional dynaminfamily enzymes.
Together, these findings establish four advances. First, our cryo-EM structure and mutagenesis studies revealed how receptor proteins such as MID49 and MID51 recruit and stabilize a specific nucleotide-bound conformation of DRP1 and initiate polymerization of a cofilament. We speculate that the nearly linear properties of this polymer have adapted to encircle low-curvature mitochondrial tubules. Second, analysis of the DRP1-MID49 copolymer revealed how the binding of a guanine nucleotide induces a conformational rearrangement to expose an avid network of receptor-binding sites. We now understand these nucleotidedriven allosteric transformations in the context of both full-length and oligomeric DRP1. Third, a path-dependent constriction reaction revealed GTP-dependent conformational dynamics. In this reaction, nucleotide exchange and hydrolysis led to MID49/51 receptor dissociation, disassembly from the ends of the linear filament, and concomitant curling of the shortening filaments into closed rings. The requirement for MID49 or MID51 receptor dissociation before constriction may explain how overexpression of the MID receptors inhibits mitochondrial fission 21 . Fourth, analysis of a disease mutant in the L1N S loop, DRP1(G362D), highlights this loop as a fundamental determinant of receptor binding as well as the inter-stalk interactions that govern oligomer geometry. Together, these observations reveal how DRP1 performs mechanical work by curling from linear filaments into closed rings around mitochondria.
Online content
Any Methods, including any statements of data availability and Nature Research reporting summaries, along with any additional references and Source Data files, are available in the online version of the paper at https://doi.org/10.1038/s41586-018-0211-2. 
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Data reporting.
No statistical methods were used to predetermine sample size. The experiments were not randomized, and the investigators were not blinded to allocation during experiments and outcome assessment. Construct design. Wild-type DRP1 isoform 2 sequence was purchased from DNASU (sequence ID HsCD00043627, UNIPROT identifier: O00429-3, also known as Dlp1a) and was cloned into pET16b plasmid (Novagen) between the Nde1 and BamH1 sites. The vector was kindly provided by the laboratory of W. Sundquist with a 10×-His tag followed by a PreScission protease site (Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro). The wild-type MID49(126-454) sequence was amplified by PCR and cloned into a pGEX6p1 vector with an N-terminal glutathione-S-transferase tag followed by a PreScission protease site. Site-directed mutagenesis was performed on pET16b-DRP1 and pGEX6p1-MID49(126-454) using the Gibson cloning method to introduce mutations 51 . All constructs were verified using Sanger sequencing. Protein purification. Protein purification was performed as described 52 . In brief, plasmids containing the wild-type DRP1 or MID49(126-454) sequence were transformed in the BL21-DE3 (RIPL) strain of Escherichia coli. The colonies were inoculated in LB culture medium and grown overnight. Secondary inoculations were performed the next morning in ZY medium for autoinduction 53, 54 . The cultures were grown to an optical density at 600 nm (OD 600 ) of 0.8 at 37 °C in baffled flasks and were transferred to 19 °C to grow for another 12 h. The cultures were spun down and the bacterial pellets were used for protein purification immediately or stored at −80 °C.
Full-length DRP1 wild-type and mutant variants were purified as described previously for wild-type DRP1 with modifications 25 . In brief, the bacterial pellets were resuspended in buffer A (50 mM HEPES/NaOH (pH 7.5), 400 mM NaCl, 5 mM MgCl 2 , 40 mM imidazole, 1 mM dithiothreitol (DTT), 0.5 mg DNase (Roche) and protease inhibitors (10 mM pepstatin, 50 mM phenylmethylsulfonyl fluoride, 0.5 mM aprotinin and 2 mM leupeptin), followed by cell disruption with a probe sonicator. Lysates were cleared by centrifugation at 40,000g in Beckman JA 25.50 rotors for 60 min at 4 °C. The supernatant was filtered using a 0.45-μm filter and applied to Ni-NTA Agarose beads pre-equilibrated with buffer B (50 mM HEPES/NaOH (pH 7.5), 400 mM NaCl, 5 mM MgCl 2 , 40 mM imidazole, 1 mM DTT). Upon the application of the supernatant, the beads were washed with 20 column-volumes each of buffer B and buffer C (50 mM HEPES/NaOH (pH 7.5), 800 mM NaCl, 5 mM MgCl 2 , 40 mM imidazole, 1 mM DTT, 1 mM ATP, 10 mM KCl) followed by buffer D (50 mM HEPES/NaOH (pH 7.5), 400 mM NaCl, 5 mM MgCl 2 , 80 mM imidazole, 1 mM DTT, 0.5% (w/v) CHAPS detergent). A final pre-elution wash was performed with 20 column-volumes of buffer B. Bound DRP1 was eluted with buffer E (50 mM HEPES/NaOH (pH 7.5), 400 mM NaCl, 5 mM MgCl 2 , 300 mM imidazole, 1 mM DTT) and dialysed overnight at 4 °C against buffer B without imidazole in the presence of PreScission protease to cleave the N-terminal 10×-His tag. The protein was re-applied to a Ni-NTA column pre-equilibrated with dialysis buffer and was observed to bind the column without the 10×-His tag as well. Subsequently, the protein was eluted with buffer B containing 80 mM imidazole.
Pure protein was concentrated with a 30-kDa molecular weight cut-off centrifugal concentration device (Millipore). In the final step, DRP1 was purified by size-exclusion chromatography on a Superdex-200 column (GE Healthcare) in buffer F containing 20 mM HEPES/ NaOH (pH 7.5), 300 mM NaCl, 2.5 mM MgCl 2 and 1 mM DTT. Fractions containing DRP1 were pooled, concentrated, flash-frozen as single-use aliquots in liquid nitrogen and stored at −80 °C. Exact masses for purified DRP1 proteins were validated by matrix-assisted laser desorption ionization-time of flight mass spectrometry.
MID49(126-454) was purified as described with the following modifications 37 . pGEX6p1-MID49(126-454) plasmid DNA (human, UNIPROT identifier: isoform 1 Q96C03-1, also known as MIEF2) was transformed in BL21 (DE3) RIPL cells. The colonies were grown overnight in LB medium and secondary cultures were grown in ZY medium. Cells were grown to an OD 600 of 0.8-1, collected by centrifugation and processed immediately or stored at −80 °C as described above. The bacterial pellets were lysed as described above in MID-buffer A (50 mM Tris pH 8.0, 500 mM NaCl, 5% glycerol, 1 mM DTT and 0.1% (v/v) Triton X-100). The lysates were pre-cleared at 40,000g and filtered using a 0.45-μm filter before applying to 3 ml glutathione Sepharose beads (GE Healthcare). After overnight binding to beads, the unbound protein was removed and the beads were washed using 20 column-volumes each of MID-buffer A and MID-buffer B (50 mM Tris pH 8.0, 500 mM NaCl, 5% glycerol, 1 mM DTT). The protein was eluted with MID-buffer C (50 mM Tris pH 8.0, 500 mM NaCl, 5% glycerol, 1 mM DTT and 20 mM reduced glutathione). The eluate was cleaved overnight with PreScission protease while dialysing against MID-buffer D (20 mM Tris pH 8.0, 100 mM NaCl, 5% glycerol, 1 mM DTT). Cleaved protein was further purified using ion-exchange chromatography using a Q Sepharose column (GE Healthcare). The low-salt buffer for ion exchange was the same as MID-buffer D and the high-salt buffer was MID-buffer E (20 mM Tris pH 8.0, 1 M NaCl, 5% glycerol, 1 mM DTT). The relevant MID49(126-454) fractions were pooled, concentrated and further purified using a size-exclusion chromatography column pre-equilibrated with MID-buffer F (20 mM Tris pH 8.0, 200 mM NaCl, 5% glycerol, 1 mM DTT). The fractions containing MID49(126-454) were pooled, concentrated, flash-frozen in liquid nitrogen and stored as single-use aliquots at −80 °C. Filament assembly, cryo-EM sample preparation, data acquisition and processing. To assemble DRP1-MID49(126-454) filaments, the proteins were mixed to a final concentration of 2 μM each and maintained for an hour at room temperature. The mixture was dialysed against assembly buffer: 20 mM HEPES pH 7.5, 50 mM KCl, 3 mM MgCl 2 , 1 mM DTT and 200 μM β,γ-methyleneguanosine 5′-triphosphate sodium salt (GMPPCP) with or without 0.2% octyl-glucopyranoside (Anatrace). The filaments were observed using negative-stain TEM or cryo-EM after vitrification. Under these conditions, the mutant DRP1(S611D) failed to co-assemble with MID49, but upon further lowering the ionic strength to 25mM KCl, DRP1(S611D) displayed detectable but greatly reduced co-assembly compared to wild-type protein. For vitrification, the sample was applied to Quantifoil holey carbon grids (R2/2) using a Vitrobot Mark III with 3.5 μl of sample, a 5-s blotting time and a 0-mm offset at 19 °C and 100% humidity. Images were collected on an FEI T30 Polara operating at 300 kV at a magnification of 31,000×. Images were recorded on a Gatan K2 summit camera in super resolution mode for a final binned pixel size of 1.22 Å per pixel. The movies were dose-fractionated, contained 30-40 frames, had a total exposure time of 6-8 s with 0.2 s per frame and a per-frame dose of 1.1 to 1.4 electrons per Å 2 . SerialEM was used to automate data collection 55 . The defocus range was 0.8-3 μm under focus. The data was motion-corrected and dose-weighted using UCSF Motioncor2 56 . Contrast transfer function (CTF) parameter estimation on the non-dose-weighted but motioncorrected stacks was carried out using CTFFIND4 and GCTF 57, 58 .
Filaments were boxed using the program e2helixboxer.py from the EMAN2 suite 59 . Particle coordinates were used to extract discrete particles using RELION 1.3-1.4 60 and all further processing was carried out within the RELION suite. Multiple rounds of 2D classification identified the well-ordered segments. 3D autorefine was run using a customized Relion1.2 version with the IHRSR algorithm implemented 61, 62 . The consensus helical structure was used to classify the particles without refining helical symmetry (using RELION 1.4), resulting in two major classes that differed slightly in rise and twist (Extended Data Fig. 2c ). Particles from each class were selected and independently refined again with helical RELION 1.2 and IHRSR. Analysis of these reconstructions revealed that each structure comprised three linear filaments that bundle together to form a structure that resembled a triangle in cross-section (Extended Data Figs. 2, 3) . The vertices of the triangle are formed through asymmetric interactions between the G domains in adjacent filaments. The triangular arrangement of the bundled helices is unlikely to correspond to a biologically meaningful architecture, and this structure cannot form if the MID49 receptor is embedded in the outer mitochondrial membrane.
To further improve the signal-to-noise ratio, each of the three filaments in each independent half-map was segmented, extracted, resampled on a common grid and summed using UCSF Chimera [63] [64] [65] [66] [67] . The respective symmetrized but unfiltered half-maps from each class were again aligned to a common grid and summed according to the C2 symmetry axis of the DRP1 dimer. In a last step, relion_postprocess was used to add the resulting and fully symmetrized half-maps (Extended Data Fig. 2c ). These half-maps and the final summed map, with differential B-factor sharpening per region (Extended Data Figs. 2c, 4, 5 ), were used for atomic modelling using Rosetta as described below.
For the projection structure of the DRP1(G362D) rings, 2 μM protein was mixed in a 1:1 molar ratio with MID49(126-454) and was allowed to stand at room temperature for an hour. The mixture was dialysed against the assembly buffer (without detergent) overnight. The sample was collected after 12 h and vitrified using ultrathin 3-nm carbon support films (Ted Pella). For vitrification, a Mark III vitrobot was used with 3.5 μl of sample, a 0-mm offset, 100% humidity and a 3.5-s blot time. The images were collected using an FEI TF20 microscope and SerialEM for automated data collection. The data were recorded with a Gatan K2 camera operating in super resolution mode to collect dose-fractionated movie stacks with a final binned pixel size of 1.234 Å per pixel. 40 frames were collected per stack (0.2 s and 1.42 electrons per Å 2 per frame). The movie stacks were motion-corrected and the parameters of the transfer function were estimated as described above. Approximately 2,000 particles were picked manually for initial 2D classification in RELION 1.4 and these averages were used as templates for further particle picking by Gautomatch (http://www.mrc-lmb.cam.ac.uk/kzhang/). Final 2D averages of the entire rings versus quarter segments of the rings were computed using Relion1.4. Liposome and nanotube reactions. Liposomes were made as described previously 52 . In brief, 1,2-dioleoyl-sn-glycero-3-phospho-l-serine (DOPS) was purchased from Avanti Polar Lipids. DOPS dissolved in chloroform was dried under a steady stream of nitrogen and dried under vacuum for an hour. The dried lipid film was resuspended in n-hexane and dried again under nitrogen. The resulting lipid film was dried under vacuum for 4 h and was finally resuspended in 20 mM HEPES pH 7.5 and 150 mM KCl. The same protocol was followed for making nanotubes, in which the mixture contained 60% d-galactosyl-β-1,1′-Nnervonoyl-d-erythro-sphingosine (Galactosyl Ceramide), 30% DOPS and 10% Ni 2+ -NTA DOGS (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid)succinyl] nickel salt).
For assembly reactions of DRP1(G362D) over lipid, 0.5-2 μM protein was incubated with liposomes or nanotubes for an hour and dialysed against the assembly buffer without detergent. Model building. The general procedure for atomic model interpretation and validation using Rosetta were performed as described 68 . To obtain an initial model for DRP1, the crystal structure of nucleotide-free DRP1 (PDB ID: 4BEJ) 25 was used for the stalk region and DRP1 G domain-BSE structures bound to GMPPCP (PDB ID: 3W6O) were used for the G-domain and BSE regions. Density-guided model completion for DRP1 was carried out with RosettaCM 69 using this hybridization of DRP1 crystal structures. A converged solution appeared from the low-energy ensemble of the complete models generated by RosettaCM. However, among the low-energy ensemble, residues 503-610 were found to be extremely flexible without cryo-EM density constraints and therefore were omitted for further coordinate refinement. For MID49, the highly homologous mouse MID49 crystal structure 37 (81.3% identity, PDB ID: 4WOY, Extended Data Fig. 5c, d ) was used to generate a homology model using RosettaCM and used as the starting model.
To enable fragment-based, density-guided model refinement with missing residues (503-610, DRP1), Rosetta iterative local rebuilding tool was customized to disallow backbone rebuilding at breaks within a single chain. Multiple rounds of refinement were performed for each component against one half-map (training map), and the other half-map (validation map) was used to monitor overfitting according to the detailed procedure described in ref. 68 .
We further refined the model in the context of a full assembly that included eight identical copies of each protein, Mg 2+ and nucleotide that included all possible inter-domain molecular interactions in the filament (Extended Data Fig. 5a, b ). Pseudo-symmetry was used 70 to enable and facilitate the energy evaluations of all neighbouring interactions around the asymmetric unit (green model, shown in Extended Data Fig. 5a ) for final model refinement of the full assembly. To this end, refinement was done against the training map. Finally, the half-maps were used to determine a weight for the density map that did not introduce overfitting. Using the weight and with the symmetry imposed, the whole assembly of DRP1 and MID49 was refined in the full map, followed by B-factors refinement 71 . Finally, quantification of the buried surface area and the number and nature of the bonds involved for each DRP1-MID49 interaction interface modelled by Rosetta were performed with the PISA server (http://www.ebi.ac.uk/pdbe/pisa/).
Visual evaluation of the model-to-map correspondence was carried out in UCSF Chimera using unfiltered and unsharpened maps, maps uniformly sharpened with a range of ad hoc B-factors, and maps processed with a model-based local sharpening and local low-pass filtering procedure to optimize contrast and the visibility of high-resolution features of the map 72 .
To build a molecular model for the closed 12-dimer DRP1 rings, we used the diameter, thickness and angles revealed by the 2D cryo-EM class averages of the DRP1(G362D) rings stabilized with GMPPCP. The atomic coordinates determined above using RosettaCM were used to build the ring in sections, first with repeating dimers of the interface-2 X-shaped stalk, then the BSE and finally the G domains and the angles between these sections were iteratively adjusted until calculated projections of the molecular model corresponded with the features of the experimental projection densities. Both the top (Fig. 5b, c ) and the side view (Extended Data Fig. 10b) were used as constraints. The complete atomic model of the ring was finally refined in Phenix 73 to minimize clashes.
Statistics and reproducibility. All electron microscopy experiments in this this study were repeated at least three times. Reporting summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this paper. Data accessibility. All of the 3D cryo-EM density maps associated with this study have been deposited in the Electron Microscopy Data Bank with accession number EMD-8874. The atomic coordinates have been deposited in the Protein Data Bank as 5WP9. Raw data, models and image processing scripts are also available from the corresponding author upon reasonable request.
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Extended Data Fig. 7 | Sequence conservation and key interaction sites. a, Multiple sequence alignment of the regions near and including the DRP1 residues mutated in this study: D190, D221 and G362, G363. The residue numbers apply to human DRP1, isoform 2 (UNIPROT identifier: O00429-3 which is also known as DLP1a). b, Sequence alignment of MID49 and MID51 at the region around residue R235 of MID49. R235 of MID49 corresponds to R243 of MID51. c, Sequence alignment of DRP1 isoform 1 and isoform 2 showing the correspondence of S637 (isoform 1) and S611 (isoform 2). 
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